1. Five males were studied on three occasions, after oral administration of CaCO, (control), NH,Cl (acidosis) and NaHCO, (alkalosis), in a dose of 0.3 glkg, taken over a 3 h period at rest. The subjects then exercised on a cycle ergometer for 20 min at 33% maximal oxygen uptake (VO, max.), followed by 20 min at 66% and at 95%
Introduction
During heavy exercise, anaerobic glycolysis in muscle is associated with a metabolic acidosis in blood and a fall in muscle pH [ll; lactate concentration is high in blood and muscle; muscle glycogen concentration is low. In exercise of long duration endurance is related to the initial muscle glycogen content [2] , but in short-term heavy exercise the accumulation of lactate and a fall in pH within muscle are likely to be more important than substrate depletion. During heavy exercise in healthy subjects made acidotic with NH,Cl, blood lactate is lower and endurance shorter than in control studies and alkalosis (NaHCO,) [3, 41. The present studies were undertaken to find out if the impaired exercise tolerance and diminished lactate accumulation during exercise in acidosis is due to glycogen depletion, lactate accumulation in muscle due to impaired efflux from muscle or to inhibition of glycolysis with reduced lactate production.
Methods
The subjects were five healthy males, aged 22-44 years (Table l) , who gave informed consent after a detailed description of the study and the possible risks. Maximal oxygen uptake ( VO, max.) (Table 1) was measured by a progressive exercise test 151 on a calibrated electrically braked cycle ergometer (Elema, type EM 370). The experiments were carried out on three occasions at least 8 days apart during a 6 week period. On the study days, the subjects came to the laboratory'in the early morning after a 15 h fast which included coffee, alcohol and cigarette abstention. They received, double-blind and in randomized order, gelatin capsules containing NH,Cl, NaHCO, or CaCO,. The capsules were given every 15 min to a total dose of 0.3 g/kg over 3 h. Blood samples were obtained from a polyethylene catheter placed in a forearm vein. Two short incisions over each vastus lateralis muscle were made under local anaesthesia with aseptic technique, to allow muscle-biopsy specimens to be obtained rapidly by the Bergstrom technique [61. A resting muscle biopsy was taken just before exercise and resting blood samples were taken at the same time.
The subjects exercised on the cycle ergometer fpr 20 min at a power output equivalent to 33% VO, max., immediately followed by 20 min at 66% VO, max. At the end of this second load, a muscle biopsy was rapidly taken within 4 s and the subjects then continued pedalling at a power output of 95% Vo, max. until the cycling could no longer be maintained. At this time, a final muscle biopsy was taken.
During the two submaximal power outputs, the subjects breathed through a low resistance and low dead-space valve. Inspired ventilation ( VI) was recorded by a dry-gas meter (Parkinson Cowan C D 4). Expired gas was passed through a small mixing chamber containing a fan and was analysed for oxygen (FEo,) with a paramagnetic oxygen analyser (Godart Rapox) and for carbon dioxide (FEco,) by an infrared carbon dioxide analyser (Godart Capnograph), which also measured end-tidal Pco,. Cardiac frequency vc) was recorded by electrocardiography. Measurements of mixed venous Pco, were made at the midpoint of each power output, with a rebreathing technique [71., Oxygen uptake (VoJ, carbon dioxide output ( VCO,) and cardiac output were calculated as described elsewhere [51. The sampling of venous blood was identical in timing with our previous studies [3,41. Heparinized blood was collected for lactate, immediately chilled and centrifuged and the plasma separated for subsequent analysis and stored at -2OOC. Blood was also collected anaerobically for Pco, and pH, measured by electrodes (Radiometer, BMS 3 3).
Muscle-biopsy samples were frozen in the biopsy needle in liquid nitrogen within 2 s of sampling and stored in liquid nitrogen until analysed. The muscle biopsy was dissected free of fat and connective tissue in a -2OOC cold room, followed by homogenization in 20: 1 dilution of cold 6% (v/v) perchloric acid with a Polytron homogenizer. After centrifugation at 4OC, the supernatant was neutralized to pH 6.7 with potassium hydroxide (5 mol/l), containing triethanolamine (50 mmol/l). The extract was prepared just before the assay of metabolic intermediates. Glycogen was measured as glucose with an enzymatic fluorimetric technique, after muscle glycogen hydrolysis with sulphuric acid (2.0 mol/l) at 9OoC for 4 h [81. The concentration of glycolytic intermediates, adenine nucleotides, creatine and creatine phosphate were measured with a Farrand-2 Ratio-Recording fluorimeter by methods described previously [9] .
The statistical analysis used multiple paired &tests supplemented by an analysis of variance approach for a randomized block design. The F-test resulting from this analysis can be thought of as a generalization of the paired t-test, but applied to a situation in which three treatments are being compared simultaneously. Since also we expected a gradient of effects from acidosis, through control to alkalosis, a second F statistic was calculated for the orthogonal contrast measuring linearity in means to provide a more sensitive test.
Results
After the capsule administration, there was a significant separation of venous blood pH between the three studies, at rest and during exercise ( Table 2) . Analysis of variance showed that differences between the three studies at a given exercise level were highly significant ( P < 0.0001) with a significant linear gradient from acidosis through control to alkalosis studies.(P < 0.0001).The associated changes in V,, VO,, Vco,, cardiac output and stroke volume were similar to our previous study which was performed with an identical protocol and will not be detailed further [4] . The endurance times at 95% Vo, max. were longer in subjects taking NaHCO, and shorter in those taking NH,Cl compared with those of control subjects ( P < 0.05 with a significant linear gradient effect) ( Table 2) .
Resting plasma lactate concentrations were similar in the three studies. During exercise at the higher power outputse(66 and 95% VO, max.), the plasma lactate was highest with alkalosis and lowest with acidosis ( P < 0-01) (Table 2) with a highly significant linear gradient from acidosis to alkalosis ( P < 0.005).
The resting muscle lactate concentrations were similar under all conditions (Table 3) . Muscle lactate concentration increased more during 
TABLE 3. Effect of exercise on the muscle metabolite concentrations
Values are means & SEM. Significance of differences compared to rest values: *P < 0.05; **P < 0.01; ***P < 0.001. Significance of differences between groups: tP < 0.05. Abbreviations are as described in the legend to Fig. 4 . 1.96 f 0.32 9.18 f 1.34"t 14.67 f 1.50''t 2.98 f 0.27 6.39 f 0.56"t 12.21 f 1.41**t 1.93 CO.90 11.30f 1.70**t 17.10f 2.50"t exercise at 66% Vo, max. with alkalosis than in the control study, whereas the-smallest increase in muscle lactate occurred with acidosis. This trend was similar at 95% Vo, max. (Fig. 1) . At exhaustion, muscle lactate increased by 12.7 and 15.2 ,umol/g from the resting muscle values in the control and alkalosis studies respectively, but only by 9 . 2 pmol/g in acidosis (Table 3, Fig.  1 ). The differences in muscle lactate between acid-base conditions was significant (P < 0.01), with a highly significant linear gradient from acidosis to alkalosis (P = 0.003). Although the changes in plasma lactate were in a similar direction to those in muscle, acidosis was associated with a lower plasma lactate concentration for a given muscle lactate; the muscle/ plasma lactate ratio was higher in acidosis compared with control and alkalosis studies (P < 0.025) (Fig. 2) ; there was no difference between the control and alkalosis studies.
The resting muscle glycogen was higher with alkalosis and control compared with acidosis, although the differences were not statistically s-ignificant (Table 3, Fig. 3 ). At the end of 66% Vo, max. exercise, significant muscle glycogen depletion occurred under all experimental conditions. However, most depletion occurred in the control study (by 49.1 p o l / g ) , less with alkalosis (by 38.3 pmol/g) and least with acidosis (25.5 ,umol/g) ( Table 3) . At Fig. 3 ). There was no significant linear gradient from acidosis to alkalosis with muscle glycogen.
The concentrations of muscle glycolytic intermediates at the various workloads are outlined in Table 3 and also presented graphically for 95% Po, max. as crqssover plots in Fig. 4 . Exercise at below resting levels. The muscle pyruvate con-66 and 95% VO, max. increased the glucose centration was higher during exercise in all 6-phosphate and fructose 6-phosphate concenconditions. Under alkalotic and control contrations above the values at rest. In all situations, ditions, increased muscle glycolysis was except 95% Vo, max. with alkalosis, conassociated with an increase in all glycolytic centration of phosphoenolpyruvate dropped to intermediates except phosphoenolpyruvate. Exer- studies. Abbreviations: G1-P, blucose 1-phosphate; G6-P, glucose 6-phosphate; F6-P, fructose 6-phosphate; F-BP, fructose 1,6-bisphosphate; DHAP, dihydroxyacetone phosphate; PEP, phosphoenolpyruvate; PYR, pyruvate; LAC, lactate.
cise during acidosis was associated with an increase in glucose 6-phosphate and fructose 6-phosphate, but a decrease in the intermediates from fructose 1,6-bisphosphate to phosphoenolpyruvate.
Muscle concentrations of adenosine 5'-triphosphate (ATP), adenosine 5'-pyrophosphate (ADP), creatine phosphate and creatine were similar in the resting state during alkalosis, acidosis and in the control period. ATP and creatine phosphate depletion during exercise were similar in the three experimental groups ( Table  4) . Exercise at 66% VO, max. was associated with a fall in the ATP and creatine phosphate concentrations and an increase in creatine concentration in all three acid-base states. No further change in ATP was found at exhaustion, but there was further depletion of creatine phosphate accompanied by a similar increase in creatine concentration. These changes were comparable in the three studies.
Discussion
The purpose of the present study was to examine the mechanisms causing the diminished plasma lactate increase during moderate and heavy exercise with acidosis. An identical protocol was used in a previous study [3, 41, which demonstrated that relatively modest changes in blood 
Lactate eDux from muscle
Data from a variety of animal preparations have established that the rates at which lactate and H+ leave muscle are influenced by the bicarbonate concentration of the fluid perfusing the preparation. As efflux of lactate is l i k e d to H+ transport out of cells [ 121 the efficiency of the process is reduced by a high H+ concentration and lowered bicarbonate concentration outside the cell. Hirche et al. [13] found that lactate removal from the electrically stimulated dog gastrocnemius was reduced when the bicarbonate concentration of the perfusate was decreased. Similar results were obtained by Mainwood et al. I101 when the bicarbonate concentration of fluid perfusing the isolated frog sartorius was changed from 25 to 2 mmol/l. Because the changes in arterial bicarbonate concentration in our study were much less than those used by Mainwood et al. [lo] , it is perhaps not surprising that differences in muscle/plasma lactate ratios between the alkalosis and acidosis studies were small (P < 0.025). We assumed that an increase in the ratio reflected a relative inhibition of lactate efflux from muscle, although this interpretation is open to criticism. The muscle concentration of lactate represents a balance between lactate appearance from glycogen and lactate efflux from muscle; blood lactate concentration represents a balance between lactate entry into blood from muscle and lactate uptake by a number of tissues. All these factors might be implicated in a change of the muscle/blood lactate concentration ratio. Furthermore the changes found during exhaustive exercise may be explained in part by the marked unsteady state which exists in this type of exercise (there may have been too little time for adequate distribution of lactate in blood).
Although lactate and H+ efflux from the intracellular compartment of muscle to plasma has been considered to occur at similar rates [ 10, 12-141, the more recent work of Benade & Heisler I151 with isolated rat diaphragm and frog sartorius muscle suggests that H+ may leave muscle at a faster rate than lactate. This concept has received some support from Osnes & Hermansen I161 who found that the increase in blood H+ concentration after maximal exercise was greater than expected from the observed rise in lactate.
Although still subject to many of the assumptions alluded to above, the data obtained at the end of exhaustive exercise may be recalculated to obtain rates of changes in the variables during the 95% Vo, max. exercise. In control studies the rate of glycogen depletion averaged 1.01 pmol min-' g-l, muscle lactate concentration increased by 1.20 pmol min-l g-l and blood lactate by 0-48 mmol min-' 1-l; the corresponding figures in the alkalosis studies were 3 -5 1 pmol min-' g-' , 1.07 pmol min-' g-' and 0-28 mmol min-' 1-' . In acidosis the glycogen depletion rate was intermediate between the two other studies at 2-49 pmol min-' g-' . This was associated with a higher rate of lactate accumulation in muscle, but intermediate rate of accumulation in blood (0.38 mmol min-' 1-' ). These data supported the theory that the rate of lactate removal from muscle is impaired in acidosis.
Effect of acid-base changes on muscle glycolysis
The changes in muscle glycogen concentration in the three parts of the study (Table 3) are also open to several interpretations. It seems likely that glycogenolysis was inhibited during acidosis in exhaustive exercise (Fig. 3) , because the muscle glycogen was less depleted than in the control or alkalosis studies. The glycogen concentration at the start of the 95% PO, max. exercise (i.e. measured in samples obtained at the end of 66% Vo, max.) was higher in acidosis than in the control studies, but comparable with the alkalosis study. Thus the change that occurred during exhaustive exercise in acidosis should be compared with the alkalosis study rather than the control study in which the glycogen had already fallen to low levels at the end of the 66% Vo, max. power output. The marked reduction in glycogen content that occurred in the control and alkalosis studies at exhaustion is quantitatively different from the exercise study in acidosis. The low levels found in the control and alkalosis studies at exhaustion are similar to those found by Bergstrom et al. [61 and by Karlsson 111. From the relationship between endurance in heavy work and muscle glycogen content [21, similar endurance times might be expected in the acidosis and alkalosis studies, both being higher than the control values. Although the measurements are open to similar criticisms as those outlined in the previous section, the imposition of an acid load appears to change this relationship. Thus, endurance time was less in the face of less glycogen utilization and higher glycogen concentrations at exhaustion. An alternative explanation is that endurance in exercise was reduced by other factors which limited glycogen utilization solely through the reduced time of exercise. The rate of glycogen depletion in heavy exercise was less in acidosis than in alkalosis, in spite of similar glycogen concentrations before starting exercise at 95% Vo, max. These arguments lead us to suggest that glycolysis was inhibited in heavy exercise in acidosis.
Factors influencing inhibition of glycolysis in acidosis
Increased glycolysis during muscle contraction serves to generate pyruvate for oxidative metabolism and by accepting H+ from reduced nicotinamide-adenine dinucleotide (NADH) to form lactate, helps to maintain muscle ATP concentration. A number of factors, including the ATP/ADP ratio, adenosine 5'-phosphate (AMP) concentration, free NADH/NAD+ (oxidized nicotinamide-adenine dinucleotide) ratio and H+ concentration may play important roles in regulating glycolysis from both blood glucose and muscle glycogen.
To determine at what point in the glycolytic pathway acidosis produced its inhibitory effect on muscle glycolysis, we determined the concentration of muscle glycolytic intermediates 191. When the concentrations of the glycolytic intermediates during acidosis were compared with the values obtained in the control experiments, it was apparent that at 66% Vo, max. the lower plasma lactate concentration was associated with a lower concentration of all the glycolytic intermediates. In association with the relative sparing of glycogen, these observations suggest that, at the 66% Vo, max. workload, inhibition occurred high in the pathway before the formation of glucose 6-phosphate. If most of the glycolytic flux was derived from glycogen glucosyl moieties, the inhibitory effect of acidosis would appear to occur before the formation of glucose 1-phosphate. When the workload was increased to 95% Vo, max., the plasma lactate concentration during acidosis increased, but was only about 50% of the value obtained during the control study ( Table 2 ). The pattern of muscle glycolytic intermediates concentratjon was different from that obtained at 66% VO, max. (Fig. 4) . The concentrations of glucose 1-phosphate, glucose 6-phosphate and fructose 6-phosphate were higher than during the control study, but the concentrations of fructose lY6-bisphosphate, dihydroxyacetone phosphate, phosphoenolpyruvate and pyruvate were less. The observations suggest that, at exhaustion in the acidosis study, inhibition of phosphofructokinase activity occurred.
Gevers & Dowdle 1171 showed that glycolysis in isolated rat liver and kidney was stimulated by an increase in the pH of the incubation medium. . These authors also showed that the pH at which maximum activity of the enzyme occurs is influenced by the concentration of its substrate fructose 6-phosphate. At high concentrations of fructose 6-phosphate the pH optimum falls, providing what appears to be a unique mechanism for maintaining the activity of this enzyme. As pH falls, inhibition of phosphofructokinase will lead to an increase in fructose 6-phosphate which will itself lead to maintenance of activity. In this situation, control of glycolytic flux may shift to a higher level in glycolysis. The increased concentrations of glucose 6-phosphate resulting from increased fructose 6-phosphate concentration will tend to inhibit reactions higher up in the glycolytic pathway [18] .
Since a significant source of glucose oxidation in muscle during exercise is derived from plasma glucose [191, it is possible that acidosis might inhibit transfer of glucose across the muscle cell membrane or reduce the activity of hexokinase. Inhibition of hexokinase by increasing glucose 6-phosphate concentration is well established [20] , although the effect of pH changes on this inhibition does not appear to have been studied. Finally, the fact that H+ enters the stoicheiometry of the creatine kinase reaction may influence the relative concentration ratios of ADP/ATP and creatine phosphate/creatine, which may in turn also influence hexokinase activity.
Limiting factors in maximal exercise
In all three conditions studied in the present investigation ATP and creatine phosphate concentrations were reduced to a comparable extent at a given power output. Although the levels of ATP found were lower than those in previous studies with maximal exercise [11, we did not find depletion of high-energy phosphates at exhaustion.
Our findings may have some bearing on the biochemical factors which limit exercise. Clearly, any situation which leads to low bicarbonate levels, for example a preceding bout of exercise, may limit the muscle glycolytic capacity and also lactate removal from muscle. Potentially also, in heavy exercise, the production of lactate at a rate higher than lactate removal mechanisms may set in train a series of events consisting of high muscle lactate and H+ concentration which eventually leads to inhibition of glycolysis and an inability to maintain and regulate sufficient supply of ATP for muscle contraction.
